Abstract Heat shock protein 72 (Hsp72) protects cells against a variety of stressors, and multiple studies have suggested that Hsp72 plays a cardioprotective role. As skeletal muscle Hsp72 overexpression can protect against high-fat diet (HFD)-induced insulin resistance, alterations in substrate metabolism may be a mechanism by which Hsp72 is cardioprotective. We investigated the impact of transgenically overexpressing (Hsp72 Tg) or deleting Hsp72 (Hsp72 KO) on various aspects of cardiac metabolism. Mice were fed a normal chow (NC) or HFD for 12 weeks from 8 weeks of age to examine the impact of diet-induced obesity on metabolic parameters in the heart. The HFD resulted in an increase in cardiac fatty acid oxidation and a decrease in cardiac glucose oxidation and insulin-stimulated cardiac glucose clearance; however, there was no difference in Hsp72 Tg or Hsp72 KO mice in these rates compared with their respective wild-type control mice. Although HFD-induced cardiac insulin resistance was not rescued in the Hsp72 Tg mice, it was preserved in the skeletal muscle, suggesting tissue-specific effects of Hsp72 overexpression on substrate metabolism. Comparison of two different strains of mice (BALB/c vs. C57BL/6J) also identified strain-specific differences in regard to HFD-induced cardiac lipid accumulation and insulin resistance. These strain differences suggest that cardiac lipid accumulation can be dissociated from cardiac insulin resistance. Our study finds that genetic manipulation of Hsp72 does not lead to alterations in metabolic processes in cardiac tissue under resting conditions, but identifies mouse strain-specific differences in cardiac lipid accumulation and insulin-stimulated glucose clearance.
Introduction
Heat shock proteins are ubiquitous, highly conserved proteins that play a fundamental role in the maintenance of cellular homeostasis. Heat shock protein 72 (Hsp72; the inducible form of the 70 kDa (HSP70) family of heat shock proteins) is a wellstudied heat shock protein which is induced in response to a variety of stressors. Numerous studies have suggested that the induction or overexpression of Hsp72 may play a cardioprotective role in the setting of ischemia (Hutter et al. 1994 (Hutter et al. , 1996 Mandal et al. 2005; Marber et al. 1995; Radford et al. 1996; Trost et al. 1998) . Conversely, deletion of the inducible 70-kDa heat shock protein genes in mice (Hspa1a and Hspa1b) impairs cardiac contractile function and calcium handling and is associated with cardiac hypertrophy (Kim et al. 2006) , suggesting that Hsp72 is necessary for maintenance of normal cardiac function. Furthermore, reduced cardiac HSP70/ Hsp72 or a mutation in the HSP70-Hom gene is associated with an increased risk of atrial fibrillation in humans (St Rammos et al. 2002; Afzal et al. 2008) . Together, the data from both animals Electronic supplementary material The online version of this article (doi:10.1007/s12192-015-0571-6) contains supplementary material, which is available to authorized users. and human studies suggest that an elevation in Hsp72 levels may be beneficial across a range of cardiac pathologies, while a decrease in Hsp72 may be detrimental to heart health even under resting conditions.
Many of the cardioprotective effects of Hsp72 induction or overexpression have been suggested to be due to its known chaperoning function allowing for maintenance of normal protein function and return of protein synthesis rapidly following insult to the heart (Trost et al. 1998 ). An alteration in substrate metabolism could, however, also be a contributing protective factor. Myocardial glucose uptake and metabolism are essential for maintaining myocardial energetics especially under circumstances of stress, such as myocardial ischemia or hypertrophy (Patterson et al. 2009 ). Indeed, stimulating glucose oxidation protects against acute myocardial infarction and reperfusion injury and is a potential therapeutic target (Ussher et al. 2012 ). This may be especially important in patients with insulin resistance or type 2 diabetes, as multiple studies have shown defective myocardial glucose uptake and insulin resistance in these patients using fluorine 18-labeled fluorodeoxyglucose approaches (Iozzo et al. 2002; Yokoyama et al. 2000) . Once cardiac insulin resistance is established, these hearts display differences in both substrate preference and cardiac function. A loss of metabolic flexibility (where the heart cannot modify fuel oxidation in response to nutrient availability sufficiently) is observed in insulinresistant animals, where palmitate oxidation increases in parallel with a reduced glucose and lactate oxidation rate (Belke et al. 2000; Chatham and Seymour 2002; Wilson et al. 2007 ). This disruption to cardiac metabolic flexibility is associated with impaired cardiac function (Calligaris et al. 2013; Park et al. 2005; Wilson et al. 2007 ) and may contribute to increased severity of ischemic injury in insulin-resistant patients.
Additionally, ectopic cardiac intramyocellular lipid accumulation is believed to directly affect cellular cardiac contractions by spatial hindrance of the contractile machinery, making it more difficult to sustain contractions with appropriate amplitude (Unger and Orci 2001) . Furthermore, lipid metabolites are known to induce insulin resistance in various insulin-sensitive peripheral tissues and may contribute to inducing cardiac insulin resistance. Experiments in which lipids are overloaded in cultured cardiomyocytes have demonstrated inhibition of insulin signaling in these cells (Chokshi et al. 2012) , while reducing myocardial lipid accumulation in a cohort of patients with heart failure reversed cardiac insulin resistance (Chokshi et al. 2012) .
We have previously demonstrated that an elevation in skeletal muscle Hsp72 protein expression provides protection against diet or obesity-induced hyperglycemia, hyperinsulinemia, glucose intolerance, and insulin resistance (Chung et al. 2008) . In a subsequent study in Hsp72 Tg mice, we showed that skeletal muscle insulin-stimulated glucose clearance, mitochondrial number, and oxidative metabolism were elevated while intramuscular lipid levels were decreased in skeletal muscle (Henstridge et al. 2014) . Thus, Hsp72 overexpression may also promote substrate metabolic flexibility in the heart in a state of insulin resistance or diabetes.
Hence, the aim of this study was to examine the role of Hsp72 in substrate utilization in the heart in response to highfat feeding. We hypothesized that Hsp72 overexpression will alter substrate utilization in the heart, decrease accumulation of intramyocardial lipids, and protect the myocardium from the deleterious effects of high-fat feeding, while deletion of Hsp72 would lead to mitochondrial dysfunction, lipid accumulation, and cardiac insulin resistance.
Materials and methods

Mouse studies
All experiments were approved by the Alfred Medical Research Education Precinct (AMREP) Animal Ethics Committee, and animals were provided humane care in line with the BGuide for the Care and Use of Laboratory Animals^(NIH publication 1985) and in accordance with the National Health and Medical Research Council of Australia Guidelines on Animal experimentation. Animals were administered their prescribed diet and water ad libitum and housed in a temperature-controlled environment (~22°C) with a 12-h light-dark cycle. Eightweek-old male mice were fed either regular normal chow (NC) (5 % of total energy from fat) or a high-fat diet (HFD) (43 % of total energy from fat) for 12 weeks. Two groups of Hsp72 Tg mice which overexpressed Hsp72 in the heart, skeletal muscle, and brain were studied. The first group was the Hsp72 Tg mice that had been backcrossed ten times onto the C57BL/6J background. These heterozygous Hsp72 Tg mice (designated Hsp72 Tg) were compared with their wild-type littermates. The second group of mice were on a BALB/c background maintained in a homozygous breeding line and compared with wild-type BALB/c mice (designated Hsp72 Tg BALB/c) (Chung et al. 2008; Marber et al. 1995) . The Hsp72 KO mice were purchased from the Mutant Mouse Regional Resource Centers (MMRRC) and crossed with C57BL/6J mice to create heterozygous mice. This line has the two genes responsible for induction of Hsp72 (Hspa1a and Hspa1b) deleted (whole body) (Drew et al. 2014) . The colony was then maintained with heterozygous x heterozygous breeding to allow for comparison with wild-type littermates. Heterozygous (−/+) and homozygous (−/−) knockouts were both used in the study. Hsp72 expression levels of the various models are provided in Supplementary Fig. 1 .
Metabolic testing
Body composition analysis
Fat mass and lean body mass were determined using the EchoMRI 4-in-1 (Echo Medical Systems, Houston, USA). C]-palmitic acid pH 7.4) in a tightly capped 7-mL scintillation vial containing an Eppendorf with 100 μL 1 M NaOH. The vial was incubated in a shaking water bath at 30°C for 90 min. The buffer was acidified by the addition of 100 μL 1 M perchloric acid, and the vials were recapped and left for 2 h on an orbital shaker to trap CO 2 . Then, 100 μL NaOH was added to scintillation fluid to measure complete oxidation while the acid-soluble metabolites were measured by centrifuging the buffer for 5 min at 13,000 rpm and taking 100 μL to add to the scintillation fluid.
Intravenous insulin with glucose tracer experiments
Glucose oxidation
Hearts were excised and a 5 % homogenate prepared in icecold homogenization buffer (250 mM sucrose, 10 mM TrisHCl, 1 mM EDTA, pH 7.4). Glucose oxidation was initiated by the addition of oxidation buffer (0.5 μCi/mL [ 14 C]-glucose, 111 mM sucrose, 11.1 mM Tris-HCl, 5.56 mM KH 2 PO 4 , 1.11 mM MgCl 2 , 88.9 mM KCl, 1.11 mM DTT, 2.22 mM ATP, 2 % fatty acid-free BSA, pH 7.4) to homogenates, followed by incubation at 37°C for 2 h. One molar of HClO 4 acid was added to allow [ 14 CO 2 ] produced from oxidation to be released and captured in 1 M NaOH. NaOH was removed and [ 14 C] measured using a scintillation β-counter.
Isolated mitochondrial respiration
Oxygen consumption rates were measured in isolated mitochondria from the hearts of mice fed a NC or HFD based on the methods of Liesa et al. (2011) . Briefly, hearts were incubated and minced in ice-cold fiber relaxation buffer (KCl 100 mM, EGTA 5 mM, HEPES 5 mM, pH 7.4) and then homogenized in 2 mL HES buffer (HEPES 5 mM, EDTA 1 mM, sucrose 0.25 mM, pH 7.4) with a glass dounce homogenizer. The homogenate was centrifuged at 500g for 10 min at 4°C before the supernatant was recentrifuged at 500g. The supernatant was centrifuged at 9000g for 15 min at 4°C, and the mitochondrial pellet resuspended in 150 μL HES buffer with 0.2 % BSA fatty acid free. Protein was quantified with BCA (Pierce Reagent kit), and the value of the protein measured in HES-BSA 0.2 % buffer alone was subtracted. Basal, ADP-stimulated state III (3 mM), and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)-stimulated uncoupled respiration (1 μM) were measured in isolated mitochondria preps in an XFe-96 Seahorse Bioanalyser (2.5 μg/well centrifuged at 2000g for 15 min to adhere the mitochondria to the bottom of the plate) in the icecold mitochondrial assay buffer (MAS: sucrose 70 mM, mannitol 220 mM, KH 2 PO 4 5 mM, MgCl 2 5 mM, HEPES 2 mM, EGTA 1 mM, BSA fatty acid free 0.2 %, pH 7.4 adjusted with KOH 1 mol/L). The MAS buffer was supplemented with the presence of complex 1 substrates (10 mM pyruvate, 10 mM malate).
Biochemical analysis
Lipidomics
Lipid content was determined in the cardiac tissue using the methods previously described (Henstridge et al. 2012; Matthews et al. 2010; Weir et al. 2013) . Briefly, samples (20-30 mg wet weight) were homogenized in 100 μL PBS buffer, pH 7.47. Lipids were extracted from 25 μg of protein using 20 volumes of chloroform/methanol (2:1) in a single phase extraction process, recovering all lipids in a single phase suitable for liquid chromatography-mass spectrometry analysis. Lipid analyses were performed by liquid chromatography, electrospray ionization-tandem mass spectrometry using an HP 1200 liquid chromatography system combined with a AB Sciex API 4000 Q/TRAP mass spectrometer with a turbo ion spray source (350°C) and Analyst 1.5 data system. The lipid classes investigated included triacylglycerol (TG), diacylglycerol (DG), and ceramide. Individual lipid species of each class of lipid were summed to give the total pool for each lipid class.
Determination of plasma and tissue radioactivity
Blood samples (10 μL) were deproteinized with barium hydroxide (0.3 N) and zinc sulfate (0.3 N), and 
Western blotting
Heart samples were lysed and protein concentration was determined and resolved by SDS-PAGE as previously described (Henstridge et al. 2012) . Immunoblotting was performed using the following primary antibodies: Hsp72 , H sp90 (Enz o Life Scien ces (fo rmerly Stressgen), PA, USA), and GAPDH (Cell Signaling, Danvers, USA).
Statistics
Logarithmic transformation was applied to end points not meeting normality assumptions. All data are presented as mean±stan-dard error of the mean (SEM) and statistical significance was set at p<0.05. Data were analyzed by two-way analysis of variance and Tukey post hoc tests. Asterisk indicates a diet effect and dagger indicates a genotype effect. In the figures, a straight line represents a main effect, while lines with ticks between two specific groups represent a significant interaction.
Results
Hsp72 Tg mice backcrossed onto a C57BL/6J background gain less fat mass on a HFD but have normal heart size We performed a comprehensive cardiac metabolic analysis of both gain of function (Hsp72 Tg) and loss of function (Hsp72 KO) colonies of mice. Under HFD conditions, heterozygous (Body composition characteristics of this cohort of mice were included as part of a larger population of mice in Henstridge et al. (2014) . e Heart mass, n=8-15; f tibia length, n=7-10; and g heart weight to tibia length ratio, n=7-10 per group. ***p<0.001 for dietary effect; † p<0.05, † † p<0.01 for genotype effect. All data are presented as mean ±SEM Hsp72 Tg mice on a C57BL/6J background were leaner compared with littermate control mice (Fig. 1a-d) , while no difference in heart mass was observed even when mass was expressed relative to body size ( Fig. 1e-g ).
Hsp72
Tg mice have lower blood glucose levels following insulin administration which is due to skeletal muscle and not cardiac tissue glucose clearance
We have previously demonstrated a role for Hsp72 overexpression in modulating skeletal muscle insulin action (Chung et al. 2008; Henstridge et al. 2014) . To characterize whether this also held true in cardiac muscle, we evaluated cardiac glucose clearance after an insulin bolus using labeled 2-DG tracer. While high-fat feeding resulted in higher plasma glucose concentrations following insulin stimulation (Fig. 2a, b) , the highfat-fed Hsp72 Tg mice were protected with significantly lower glucose levels (Fig. 2a, b) . Next, we analyzed the tissue-specific glucose clearance of various insulinsensitive peripheral tissues. There was a significant reduction in cardiac glucose clearance with high-fat feeding (Fig. 2c) , but no impact of Hsp72 overexpression. In contrast, there was a marked increase in glucose clearance rates in two different skeletal muscles (quadriceps and gastrocnemius) of Hsp72 Tg mice on the HFD (Fig. 2d, e) , while glucose clearance into WAT decreased with HFD and was unaltered by Hsp72 overexpression (Fig. 2f) .
In complementary experiments, we further analyzed the cardiac phenotype in these mice by measuring glucose and palmitate oxidation rates. We observed a significant decrease in glucose oxidation rates (Fig. 3a) and a significant increase in fatty acid oxidation rate (Fig. 3b) with the HFD. However, in line with the insulin-stimulated glucose clearance data, there was no effect of Hsp72 Tg overexpression on these measures. As we have previously Fig. 2 On a HFD, Hsp72 Tg mice maintain whole body insulin responsiveness and skeletal muscle glucose clearance but not cardiac glucose clearance. Mice were fed a normal chow (NC) or high-fat diet (HFD) for 12 weeks from 8 weeks of age. a Blood glucose response following an intravenous injection of insulin and b average blood glucose concentration over the 35-min period post insulin/tracer injection. c Cardiac glucose clearance rate, d skeletal muscle glucose clearance (quadriceps), e skeletal muscle glucose clearance (gastrocnemius), and f white adipose tissue (epididymal fat pad) glucose clearance, n = 6-8 per group. *p < 0.05, **p < 0.01, ***p<0.001 for dietary effect; † p<0.05, † † p<0.01 for genotype effect; ## p<0.01 for a direct comparison between WT HFD and Hsp72 Tg HFD groups by a t test. All data are presented as mean±SEM observed that Hsp72 Tg mice have a decrease in intramuscular lipid levels after HFD (Henstridge et al. 2014) , we hypothesized a similar finding for the heart. Therefore, we performed a comprehensive cardiac lipidomic analysis on the tissues using mass spectroscopy. There was a trend for an increase in cardiac total TG levels with high-fat feeding (p=0.058) (Fig. 4a ) and a decrease with Hsp72 Tg overexpression that did not reach statistical significance. While total TG content did not reach statistical significance, numerous TG molecular species such as TG 16:0_16:0_18:1, TG 16:1_18:1_18:1, TG 18:0_18:0_18:1, and TG 18:0_18:1_18:1 were significantly elevated with the HFD (Fig. 4b) . DG is thought to be a more deleterious lipid species than TG; however, there was no HFD or Hsp72 overexpression-induced effect on DG accumulation in the mice (Fig. 4c, d ). Ceramides are thought to be a Fig. 4 Lipidomic analysis of cardiac triacylglycerol (TG), diacylglycerol (DG), and ceramide in Hsp72 Tg mice fed a NC or HFD. Mice were fed a NC or HFD for 12 weeks from 8 weeks of age. a Total TG levels and b individual cardiac TG molecular lipid species. c Total DG levels and d individual cardiac DG molecular lipid species. e Total ceramide levels and f individual cardiac ceramide molecular lipid species. n=5-9 per group. *p<0.05, **p<0.01 for dietary effect; † p<0.05 for genotype effect. All data are presented as mean±SEM Fig. 3 High-fat feeding causes a decrease in glucose oxidation and an increase in palmitate oxidation rate which is not altered by overexpression of Hsp72. Mice were fed a normal chow (NC) or high-fat diet (HFD) for 12 weeks from 8 weeks of age. a Glucose oxidation rate, n=6-9 per group. b Palmitate oxidation rate, n = 6-10 per group. The palmitate oxidation rates were calculated in the CO 2 component and the acid-soluble metabolite (ASM) fraction, and the CO 2 and ASM fractions summed to calculate total oxidation rate. Asterisk indicates trend for a main effect of diet. All data are presented as mean ±SEM. *p<0.05, ***p<0.001 for dietary effect. All data are presented as mean± SEM pathogenic lipid species because they promote inflammatory signaling (Holland and Summers 2008) . Analysis of total ceramide levels was not altered in these tissues with diet or genotype (Fig. 4e ) although Cer 18:0 was elevated with HFD and Cer 22:0 decreased with HFD and Hsp72 overexpression (Fig. 4f) .
Deletion of Hsp72 does not alter body composition characteristics, heart mass, or insulin-stimulated glucose clearance after 12 weeks of HFD feeding Next we performed the inverse experiments by analyzing the hearts from mice with Hsp72 deletion (Hsp72 KO). Body composition analysis revealed an increase in body weight, fat mass, and body fat percentage (Fig. 5a-d) with high-fat feeding, but in line with previous analysis of these mice at 20 weeks of age (Drew et al. 2014) , no difference in weight was detected with the deletion of Hsp72. Consistent with what was observed with the Hsp72 Tg mice, no difference in heart mass was detected ( Fig. 5e-g ). Moreover, when insulin-stimulated glucose clearance was analyzed, the HFD induced hyperglycemia, but no difference was noted with the deletion of Hsp72 (Fig. 6a, b) . Tissue-specific glucose clearance analysis revealed a decrease in cardiac clearance with the HFD but no difference in the Hsp72 KO groups compared to wild type (Fig. 6c) . Similar findings were also found for the skeletal muscle and WAT (Fig. 6d-f) , although the Hsp72 KO −/+ and −/− groups were more insulin resistant specifically in the gastrocnemius muscle on the HFD (Fig. 6e) .
Deletion of Hsp72 does not impact cardiac glucose or palmitate oxidation rates or the ability of the mitochondria to respire
In parallel to the results obtained in the Hsp72 Tg cohort, high-fat feeding resulted in a decrease in cardiac glucose oxidation rate (Fig. 7a) and an increase in palmitate oxidation rate (Fig. 7b) . No effect of Hsp72 deletion was detected for either parameter (Fig. 7a, b) . As it has been noted that Hsp72 KO mice have a disrupted skeletal muscle mitochondrial morphology (Drew et al. 2014) , we isolated fresh mitochondria from the hearts of these mice and analyzed their ability to consume oxygen in the basal state and in response to the addition of ADP and the oxidative phosphorylation uncoupling agent FCCP. There was no difference between the groups in relation to high-fat feeding or the deletion of Hsp72 in the basal state. While ADP and FCCP stimulated respiration, there was no diet or genotype effect on Heart mass, f tibia length, and g heart weight to tibia length ratio, n=3-6 per group. ***p<0.001 for dietary effect. All data are presented as mean± SEM these rates (Fig. 7c) . Additionally, we analyzed the lipids in the cardiac tissue of the Hsp72 KO mice. While there were some small changes in various TG species TG 16:0_16:0_18:0, TG 16:0_18:0_18:1, TG 16:1_18:1_18:1, TG 18:0_18:0_18:1, and TG 18:1_14:0_16:0 predominantly between the Hsp72 KO −/− NC vs. HFD groups (Fig. 8b) , the total pool of TG was only modestly altered by HFD (Fig. 8a) . Similar to the Hsp72 TG mice, no difference was observed between the groups for DG accumulation (Fig. 8c, d) . Finally, while the HFD increased cardiac ceramide levels in the HFD wild-type group (Fig. 8e) , deletion of Hsp72 blunted this effect (Fig. 8e) and was most obviously seen in the Cer 20:0, Cer 22:0, and Cer 24:1 molecular species (Fig. 8f) .
Overexpression of Hsp72 does not alter heart size, insulin-stimulated glucose clearance, or fatty acid oxidation rate in Hsp72 BALB/c mice As our previous work on Hsp72 overexpression in skeletal muscle was predominantly carried out in mice on a BALB/c background (Chung et al. 2008; Henstridge et al. 2014 ) and considering different mouse strains can have different total levels and rates of lipid accumulation (Kahle et al. 2013; Montgomery et al. 2013) , we also conducted analyses on the hearts from these mice. Similar to the Hsp72 Tg mice on the C57BL/6J background, no difference in heart mass was observed (Supp Fig. 2A ) even when mass was expressed relative to body size (Supp Fig. 2B, C) . To test the insulin-stimulated response, we coinjected insulin with a 2-DG tracer. Surprisingly, we saw no HFDinduced decrease in cardiac glucose clearance rates or any effect of the transgenic overexpression (Supp Fig. 2D ). As we had also previously observed an increase in palmitate fatty acid oxidation rates in the skeletal muscle of these transgenic mice (Henstridge et al. 2014) , we assessed this measure in the cardiac tissue. While there was a trend for an increase in total oxidation rate with high-fat feeding (due to an increase in the acid-soluble metabolite fraction) genetic overexpression of Hsp72 had no impact (Supp Fig. 2E ). Fig. 6 On a HFD, Hsp72 KO mice have similar whole body insulin responsiveness and skeletal muscle and cardiac glucose clearance as wild-type mice. Mice were fed a normal chow (NC) or high-fat diet (HFD) for 12 weeks from 8 weeks of age. a Blood glucose response following an intravenous injection of insulin and b average blood glucose concentration over the 35-min period, n =4-9. c Cardiac glucose clearance rate, d skeletal muscle glucose clearance (quadriceps), e skeletal muscle glucose clearance (gastrocnemius), and f white adipose tissue (epididymal fat pad) glucose clearance, n=4-7 per group. *p<0.05, **p<0.05, ***p<0.001 for dietary effect. † p<0.05, † † p<0.05 for genotype effect. All data are presented as mean±SEM High-fat feeding and overexpression of Hsp72 alters the cardiac lipidomic profile in Hsp72 BALB/c mice Lipidomic analysis demonstrated a significant increase in total TG accumulation with high-fat feeding (Supp Fig. 3A ) which w a s p r e d o m i n a n t l y d u e t o i n c r e a s e s i n t h e TG 16:0_18:0_18:1, TG 16:1_18:1_18:1, TG 18:0_18:1_18:1, and TG 18:1_18:1_18:2 molecular species (Supp Fig. 3B ). There was a trend for genetic overexpression of Hsp72 to decrease cardiac TG (Supp Fig. 3A ) primarily due to dec r ea s e s i n s o m e o f th e s h o r t e r T G s p e ci e s T G 14:0_16:0_18:2, TG 14:0_16:1_18:1, TG 14:1_16:1_18:0, TG 14:1_18:1_18:1 as well as TG 16:1_18:1_18:1 and TG 18:1_14:0_16:0 (all p values between 0.05 and 0.07) (Supp Fig. 3B ). DG concentration was elevated with high-fat feeding but not altered with Hsp72 expression (Supp Fig. 3C ) with significant increases in DG 14:0_18:2, DG 18:0_18:1, DG 18:0_18:1, DG 18:0_20:4, DG 16:0_22:5, and DG 16:0_22:6 (Supp Fig. 3D) . Surprisingly, total ceramide was elevated with high-fat feeding in the Hsp72 Tg group only (Supp Fig. 3E ) due to greater Cer 20:0, Cer 22:0, and Cer 24:0 than in the wild-type HFD group (Supp Fig. 3F ).
Discussion
Despite the documented alterations in metabolic processes in the skeletal muscle of Hsp72 gain of function (Hsp72 Tg) or Hsp72 loss of function models (Hsp72 KO) (Chung et al. 2008; Drew et al. 2014; Henstridge et al. 2014) , our study finds little evidence that these changes also occur in cardiac tissue. This suggests that Hsp72 may play an organ-specific role in modulating metabolic processes. Further, while our primary aim was to investigate the effects of genetic manipulation of Hsp72 in cardiac metabolism, our study has identified mouse strain-specific differences in relation to cardiac lipid accumulation and insulin-stimulated glucose clearance. These are important considerations for researchers designing future experiments in the cardiac metabolism field.
Given the similarities between skeletal muscle and cardiac muscle (e.g., both cardiac and skeletal muscles are striated muscle, containing contractile proteins for force generation arranged in sarcomeres), we hypothesized that many of the previous findings we had identified in the skeletal muscle upon Hsp72 genetic manipulation would hold true in cardiac tissue. However, this was not the case, with cardiac insulinstimulated glucose clearance, glucose oxidation, and palmitate oxidation all being similar in Hsp72 Tg and Hsp72 KO mice compared to their relevant control groups. Due to the maintenance of insulin-stimulated glucose clearance in the Hsp72 Tg HFD mice, into two different skeletal muscles (quadriceps and gastrocnemius) (in Fig. 1d, e) , and the lack of an effect in the heart (Fig. 1c) , there are likely tissue-specific effects of Hsp72 genetic manipulation. This could be due to the differences in substrate utilization between skeletal muscle and cardiac muscle. Under resting conditions, the heart is far more reliant on the use of fatty acids (up to 80 %) than skeletal Fig. 7 High-fat feeding causes a decrease in glucose oxidation and an increase in palmitate oxidation rate which is not altered by deletion of Hsp72. Mice were fed a normal chow (NC) or high-fat diet (HFD) for 12 weeks from 8 weeks of age. a Glucose oxidation rate, n=7-9 per group. b Palmitate oxidation rate, n=7-8 per group. The palmitate oxidation rates were calculated in the CO 2 component and the acidsoluble metabolite (ASM) fraction, and the CO 2 and ASM fractions summed to calculate total oxidation rate. c Oxygen consumption rates in isolated cardiac mitochondrial fractions, n=4-7. ***p<0.001 for dietary effect. All data are presented as mean±SEM muscle is. Given Hsp72 overexpression failed to improve HFD-induced cardiac insulin resistance, it is unlikely that targeting Hsp72 with mimetics (which would not increase Hsp72 expression to as high a level) would be a viable treatment option for cardiac insulin resistance.
A somewhat unexpected result was observed in relation to ceramide levels in the various models. Total ceramide concentration was elevated in the cardiac tissue from the Hsp72 Tg BALB/c mice (Supp Fig. 3E ), while deletion of Hsp72 protected against the HFD-induced rise in ceramide concentration that was observed in wild-type control mice (Fig. 8e) . Interestingly, strengthening the ceramide/Hsp72 connection, elevating Hsp72 levels has previously been demonstrated to suppress ceramide-mediated apoptosis (Ahn et al. 1999; Buzzard et al. 1998) . Closer inspection of the ceramide molecular species data revealed that two of the ceramide species that were most increased within the Hsp72 Tg BALB/c HFD group (Cer 20:0 and Cer 22:0) were also the species that were most decreased in the Hsp72 KO analysis. Hsp72 may therefore be involved in the differential modulation of ceramide synthesis of differing chain length. This is likely achieved through the differential modulation of ceramide synthase 1 (CerS 1), reported to be specific for the synthesis of Cer 18:0; CerS 4 which also shows specificity for C18:0 and C20:0 acyl chains and CerS 2 which shows specificity for the longer chain acyl species C20:0, C22:0, C24:0, and C24:1 (Riebeling et al. 2003) . Interestingly these enzymes show tissue-specific expression with CerS 1 expressed primarily in muscle; CerS4 in the kidney, heart, spleen, and lung; and CerS2 primarily in the liver. While ceramide, as a class, has been associated with insulin resistance and type 2 diabetes, Cer 18:0 specifically has been shown to have a strong association with type 2 diabetes and prediabetes in plasma (Meikle et al. 2013) , while its expression in muscle has been shown to be inversely associated with alterations in glucose tolerance in a mouse model of insulin resistance (Frangioudakis et al. 2010) . Herein, we show in our three mouse models that Cer 18:0 is increased in cardiac tissue upon high-fat feeding (Figs. 4f and 8f, Supp Fig. 3F) ; however, overexpression of Hsp72 has no effect on its accumulation. Whether the changes Fig. 8 Cardiac lipidomic analysis of triacylglycerol (TG), diacylglycerol (DG), and ceramide lipids in Hsp72 KO NC or HFD mice. Mice were fed a NC or high-fat diet for 12 weeks from 8 weeks of age. a Total TG levels and b individual cardiac TG molecular lipid species. c Total DG levels and d individual cardiac DG molecular lipid species. e Total ceramide levels and f individual cardiac ceramide molecular lipid species. n=4-6 per group. *p<0.05, **p<0.01, ***p<0.001 for dietary effect; † p<0.05, † † p<0.01 for genotype effect. All data are presented as mean±SEM observed in Cer 18:0 with high-fat feeding is derived from cardiac tissue or represents transfer of Cer 18:0 from the muscle is unknown and requires further investigation.
Another finding from the study was the strain-specific differences that were observed. While the HFD-fed mice on a BALB/c background displayed cardiac lipid accumulation as evidenced by an increase in TG and DG lipids, this did not correspond with cardiac insulin resistance (Supp Fig. 2D ). That is, in these mice, cardiac lipid accumulation was dissociated from cardiac insulin resistance. Conversely, the mice on a C57BL/6J background displayed modest increases in TG and no increase in DG lipid accumulation but did have HFD-induced cardiac insulin resistance (Figs. 2c and 6c) . A recent report documented the skeletal muscle and liver lipid accumulation in five different strains of mice fed a HFD (Montgomery et al. 2013) . In accordance with the present study, this previous study (Montgomery et al. 2013 ) also identified strain-specific differences in organ lipid accumulation between BALB/c and C57BL/6 mice. While C57BL/6 mice have increased skeletal muscle TG and liver TG and DG, the BALB/c mice had increased skeletal muscle TG but no such increase in TG and DG in the liver that was observed with C57BL/6 mice (Montgomery et al. 2013) . While this previous study did not analyze the lipids in the heart, it is tempting to speculate, given our data, that the lipids in the liver were not elevated as they were preferentially deposited in the heart. Interestingly, different cardiac phenotypes can be detected not only between different strains of mice but even between different substrains of the same strain of mouse. A recent paper was able to clearly identify substrain-specific differences in response to cardiac pressure overload within C57BL/6 mice (Garcia-Menendez et al. 2013 ). Together, these data indicates that cardiac lipid accumulation is not necessary to cause cardiac insulin resistance, and when cardiac lipid accumulation is present, this does not automatically result in cardiac insulin resistance. Given these differences, it may be advantageous for researchers to utilize the BALB/c strain to investigate aspects of cardiac lipid accumulation, while the C57BL/6J model may be best utilized for studies into cardiac insulin resistance.
A limitation to this study was that besides the use of the HFD, the experimentation took place under stress-free conditions. Thus, all of the measures were made in the basal state when the cardiac tissue is not compromised. It is possible that under more stressful conditions (e.g., ischemia reperfusion, post myocardial infarction, heart failure, atrial fibrillation, and intense acute exercise), we may have observed a different response. Future studies are warranted to investigate such an effect. Also all mice examined in this study were male, and as gender-specific regulation of myocardial Hsp72 has been described (Paroo et al. 2002) , we cannot rule out a different observation if females were studied. In summary, this study demonstrates that genetic modification of cardiac Hsp72 does not have an effect on cardiac metabolism under resting NC or HFD conditions. Further, specific differences between mouse strains in relation to lipid accumulation and insulin resistance were identified which should be considered in future experimental design.
